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H(t) = H0 +H1(t)
limt! 1H1(t) = 0???????H1????????????H0?????????
???????????????????????????????H0????????





U(t; s) = H^1(t)U(t; s); U(s; s) = 1
?????????? t?????????? (t) = U(t; s)(s)U(s; t)??????? t
???????????A(t)?????











ds1    dsn dt1    dtm
hfeTH^1(s1)    H^1(sn)gfTH^1(t1)    H^1(tm)A(t)giin
???????????h  iin??????????????T ???????eT ????
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??????? C2???????C??C??????? TC??????????C?





??????????? TC????????Green??G(1; 2)   ihTC [	y(1)	(2)]i ?
?????? 4??Gc(1; 2) (1; 2 2 C1); G>(1; 2) (1 2 C2; 2 2 C1); G<(1; 2) (1 2 C1; 2 2











Lindblad????????????????Tr = 1;  > 0?????????????
???????? T1+???T1+?????????t???????????????
1.2. Lindblad??? 11
?????????????????????? jj  jjT ???????????????t
? t  0??????T1+??T1+????????????????????? [1, 2, 3]?
(1) 81; 2 2 T1+;8a; b 2 C; t(a1 + brho2) = at1 + bt2
(2) ts = t+s
(3) lim
t!0+
jjt  jjT = 0




(t) = L(t) (1.2)
???? T1+?? T1+????L ?????????N?????L?????????
????????????? [1, 2, 3]?
L = H +D











???H ? TrH = 0 ????????????Fi; (i = 1; 2;   N2   1) ??TrFi =
0; TrF yi Fj = i;j( > 0)????????????? [Cij]????????????
????????????????????????????????(1.3)??????
?? (1){(3)??????????????? [5, 6]??H???????????????
??????????????D?????????von Neumann?????D = 0?
??????????t???????????? [Cij]???????????? [7, 8]?
??????L? (1.3)????? [Cij]???????????L??????????
?? (1){(3)???????????????? [7, 8]?
????????????????????????????????????????






















fwj; wkg = 2j;k; j; k = 1; 2;    ; 2n
????????????????????????????????????????
?????????????????????????????????????Lindblad
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1.3. C*????? 13
 A;B 2 A????AB 2 A
 ????*????????(A) = A; jjAjj = jjAjj
 jjAAjj = jjAjj2
A???????A??A?????? t??????????????????
C*??????? ! ???????? A????????!(A)  0; !(A + 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??????????????????????2????  = L;R??????????
????????????????????? k??????????? ak? incoming
eld k ??????????2?????????????????????????
??????NESS?????????? [34, 39]???NESS? incoming eld k??
??Wick????????????????????? [21, 22, 24, 29, 30, 31]?
hykk00i1 = f(!k)0(k  k0) (1.4)
??? h  i1?NESS??????!k??? k? 1????????T???????




1? limt!+1 e iHt0eiHt = 1??????????????????Trfaykak00g =
f(!k)(k  k0) ???????incoming eld k? limt!+1 ei!k( t)eiH( t)ake iH( t) =
k?????????
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??? fA;Bg = AB + BA?[A;B] = AB   BA??????????????????
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??? ak ( = L;R)????????? k?????????????!k ( = L;R)
????????????????????????????????????????






























































kf + (h:c:) (2.8)
????????????? ak???  = L;R??? k???????????f??
???????? ?????????????H ????????incoming eld k
? ak ; f???????????????kL??












??????? [kL; H] = !kLkL????????????
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X
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!kR   !k0R  i0

; (2.11)
ehk = wL!kR     i0BLk L(!kR)g+ w
R




















???????????????????????????? eiHtake iHtei!kt ! k ,













!k0L   !kR  i0

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k fL(!kL) + 
L
 (!kL)jALk j2fL(!kL) + L (!kR)jBLk j2fR(!kR)
	
?????????Im  (!) = 
Z
dk jukj2(!   !kL)?Im  (!) = 
Z










2 (fR(!)  fL(!)) ; (2.12)
????Landauer???????
20 ? 2? Takayama Lin-Liu Maki??????????
2.4 ?????TLM????NESS?????????
?????????????????????????????? (x)  h^(x)i1?
????????????Green?????????

















???h^   ivy @@x +(x)x??????????? (x)????
















































  vk  (0); uRk wR  wk+ (`) ;
????????????







!      i0 ?
?????
SLL(!) = g  (0; 0;!); SRR(!) = g++(`; `;!);







































 (!) = 1  ve (!)g  (0; 0;!)  ve (!)g++(`; `;!)
+ v2e (!)e (!)fg++(`; `;!)g  (0; 0;!)  g+ (`; 0;!)g +(0; `;!)g
























g++(x; y;!) g+ (x; y;!)




























































G(x; y;!) = !G(x; y;!)  1(x  y) (2.14)
g++(0; y;!) = g+ (0; y;!) = g +(`; y;!) = g  (`; y;!) = 0 (2.15)
???(2.15)? + (0) = 0; 
 
 (`) = 0??????????????Green??? ?h?eh? !? h^????????????????????(2.13)????????????
???????????????????











= (x) + vh	y(x)x	(x)i1
??? (1.4)?(2.13)?
Z























Im e (!) Im e (!)
j (!)j2 jg +(0; `;!)j








h^(x) = !(x) (2.18)












g (x; y) = !g+(x; y) ;
????????x1(0) = 0; y2(`) = 0???????????????????????


















; (x > y)
2.5. Green??????? 23
??????????????g (x; y) = g(y; x)???
A+(y) = Cx2(y)
; A (y) = Cy2(y)
B+(y) = C
x1(y); B (y) = Cy1(y)
??????????x = y?????? g+(y + 0; y)  g+(y   0; y) =   1v  ?












































; (x > y) (2.22)
???W (!) = v(x1(x)y2(x)  y1(x)x2(x))?Wronskian????
??????(x)????????????????????????????? (2.18)
????? (1(x); 2(x))T??????????????(1(x+ a); 2(x+ a))T?????
? ? ? ? ? ? ? ?(f(x); 2(x+ a))T ? (2.18) ? ? ? ? ?? ? ? ?
!f(x)   v2(x + a) + (x)2(x + a)??????????????????????
??? incoming eld???? (2.13)???????? h(x)?
h(x) =

g+ (x; 0)  ve+fg++(`; `)g+ (x; 0)  g+ (`; 0)g++(x; `)g
g  (x; 0)  ve+fg++(`; `)g  (x; 0)  g+ (`; 0)g +(x; `)g

??? e+??????;
g++(`; `)g+ (x; 0)  g+ (`; 0)g++(x; `) = y1(0)x2(`)
W 2
(x1(`)x2(x)  x2(`)x1(x))

























24 ? 2? Takayama Lin-Liu Maki??????????
????????????????x1(`) = x2(`); y1(`) = y1(0)?????
y1(0)x2(`)
W 2






































eh(x)   g++(x; `)  ve+fg++(x; `)g  (0; 0)  g+ (x; 0)g +(0; `)g


















 (!) = 1  ve g  (0; 0)  ve g++(`; `)











????? (2.18)????? (1(x); 2(x))T ???(f(x); 2(x+ a))T ? (2.18)????
???????????!f(x)   v2(x+ a) + (x)2(x+ a)????
?????
!f(x) =  v02(x `) + (x)2(x `)
!1(x `) =  v02(x `) + (x `)2(x `)
?????f(x) = 1(x  `) + (x) (x`)! 2(x  `)??????1 = x1; 2 = y1???














A(x)  (x) (x  `)
!
;   y1(`)
y1(0)






fx1(`)x2(x)  x2(`)x1(x)g = x2(`)fx1(x  `) + A(x)y1(x  `)g   y1(0)A(`)x2(x) ;
vx2(`)y1(0)
W

































x2(x+ `) +B(x)y2(x+ `)
y2(x+ `)

B(x)  (x) (x+ `)
z
; 0  y2(0)
y1(0)

















g++(`; `)g  (0; 0)  g+ (`; 0)g +(0; `) = x2(`)y1( `)  y1(0)y2(0)A(`)
vW
??????????? ??
 (!) = 1  ve g  (0; 0)  ve g++(`; `)













???????????????? [53]????????????????!c(!c  T; ejV j)
26 ? 2? Takayama Lin-Liu Maki??????????
???(2.16)?????? ( !c; !c)??????????????????????? V









Ime (!)h(x;!)yxh(x;!)j (!)j2 1eL(!+ eV2 ) + 1







????(x) = 0???x = `x^ (0  x^  1)???? 0 < x^ < 1; ` ! 1????
(2.27)???? x^????????????0????????













v!v2(1  je (!)j2) sin 2x
  v2(!0 + 2!2Ree (!) + !0je (!)j2) cos 2x
+ v20

! + 20Ree (!) + !je (!)j2osgn(j!j   j0j) (2.28)
???? =
p
!2  20=v?D(!) = v cos`+0 sin` ?sgnx = x=jxj????
`  1 ??????????j!j < j0j ????? ?????????
jD(!)j2eh(x;!)yxeh(x;!)  e2jjx ?jD(!) (!)j2  e2jj` ?????????(2.28)?







???j!j > j0j?? ???????????????? `???????????
??????(2.28)???? jD(!) (!)j2  je (!; `)j2?????? = `? !???
???
e (!; ) = v(1  e (!)e (!)) cos 

























fe2i`(n+x^)   e2i`(n x^)g (2.29)
????????H(!) = Ime (!)fR(!)!(1 je (!)j2)????????Riemann-Lebesgue














! + 20Ree (!) + !je (!)j2 (2.30)
?????????????????????????`???????????????
???? (2.27)???????????????? x^????????????????
?????????????? ???????? (2.27)???? x^????????0
????????????0????????????
0 = 0 or
 1

= eS(0; V; TL; TR) ;
?????????? eS(0; V; TL; TR)????????????












! + 20Ree (!) + !je (!)j2fR(!) (2.31)
??????? 1=0(!)??1=je (!; )j2? ???? Fourier??????????
0(!) = v
Ime (!)! + 20Ree (!) + !je (!)j2	
+Ime (!)n! + 20Ree (!) + !je (!)j2o  :
28 ? 2? Takayama Lin-Liu Maki??????????
?????????????????????? T  TL = TR ????????
Ree (!) = Ree (!) = 0; Ime (!) = Ime (!)???????????
! + 20
v
Ree (!) + !v2 je (!)j2! + 20v Ree (!) + !v2 je (!)j2 = sgn(!)
????????eS(0; V; TL; TR)
TL=TR=T
????????????
eS(0; V; TL; TR)
TL=TR=T





















????? [53]?????????x 2.6.1???? 2????? = 0 ??????
???????????????????
(x) = 0 tanhs(x  a); s = 0=v ;
????????????????????????????????? [53]?????
????????????????3 ???????????????????????
???? h^? ! = p(v)2 +20?????????????? ! = 0????????
?????????h^B = 0; B =


















































e  ((`) (0))  ve e i cos`
+
h





!2  20=v?D(!) = v cos`+(0) sin`???????????
???? (2.27)?????????????????????(x) = 0 tanhs(x   a)
???????????
?A????????????????????????????:? j!j < j0j















































e  ((`) (0))  vee e i cosh e`
+
h
(0) + !(e  + e ) +  20 +(0)(`)
!
e  +(`)e e i sinh e`
????????D(!) = ve cosh e` + (0) sinh e`?????????????????
???????????? y = !?????????????????????? ! = 0
???????????????????????? eD ??






e e  y + 420e i+O() +O(s21=) +O(s22=) ;
s1  2e 20a; s2  2e 20(` a)
???????????[ ]?? y2? y??????????? !? `?????????






???????????s1  s2 (a < `=2)??? = s1????s1  s2 (a > `=2)???
4 ?????????????????????? (2.27)?????D  ?? `??????????
?????????????????????????x 2.6.1???????????
30 ? 2? Takayama Lin-Liu Maki??????????






















; G  1  s20
y
e 
???????????????????????? x  x  a??????????
jv eDj2h (x+ a  `;!)xh (x+ a  `;!)
= (F   0G)0e 4e 2x + 4s2 + s22e2x
8s2
+ (F + (x+ a)G)(0e  + Gy)4e 2x   4s2 + s22e2x
8s2
+ (2F0e  + FGy   20Ge  + (x+ a)0Ge ) 4e 2x + s22e2x8s2




e 2x + (h:c:) +O() +O(s2)
???? = s2 (a > `=2)?????`  1??????????????`  1??
 = s1 (a < `=2)?????s21=s2?????????????????????`  1?
? a > `=3???????????????????????????????????








?B????????????????????????:? j!j > j0j
(2.27)???????? j!j > j0j????????????(2.32)?(2.33)??????
D ?? `???????????????????????????????????











S2(!) sin 2x+ C2(!) cos 2x
+(x)











2 +(x) f(v)2  20g
!
S2(!) = 2v ((x) + 0) Ree (!)  !vje (!)j2
+ v


















Ime (!)! + 20Ree (!) + !je (!)j2	
+Ime (!)n!   20Ree (!) + !je (!)j2o 
(2.27)? 1???????????(2.27)?(x)??????????????????
???
0 = 0 or
 1

= eS(0; V; TL; TR) ;
????eS(0; V; TL; TR)??












!   20Ree (!) + !je (!)j2fR(!) ;
???????????????????????????T  TL = TR???Ree (!) =
Ree (!) = 0; Ime (!) = Ime (!)?????????????????? (2.27)?
1









) + cosh(=T )
????????????????????????????????????????
???x 2.9.6?????




(x) = 0   v0 (t+(x)  t (x)) (2.34)







? ! = p20   (v0)2??????????????????????????????
??????????????2?????????????????????????
????????????????????????
?A????????????????????????????:? j!j < j0j
??????????Green???Appendix C? (2.19){(2.22)???????????
	(x)??incoming eld???????????
vKh1(x) =  A0f  (x)e˜x˜   +B0f +(x)e ˜x˜
vKh2(x) = A
0f+ (x)e˜x˜  B0f++(x)e ˜x˜
vKeh1(x) =  C 0f  (x)e˜x +D0f +(x)e ˜x
vKeh2(x) =  +C 0f+ (x)e˜x +  D0f++(x)e ˜x
K  +e˜`f +(0)f+ (`)   e ˜`f  (0)f++(`)
????????e  p20   !2=v?f(x)  t(x)  ˜0?ex  x   `?  0v˜! ??
??A0; B0; C 0; D0??????????
A0  f++(`) + +f +(`)e+ = h(w+   2) + +(w+   4)e+i
B0  f+ (`) +  f  (`)e+ = h(w    2) +  (w    4)e+i
C 0  f +(0) +  f++(0)e+ = h( w  + 1) +  ( w  + 3)e+i
D0  f  (0) + +f+ (0)e+ = h( w+ + 1) + +( w+ + 3)e+i
w   1  e
0
; w+  1 + e
0
????1{4?
















s1  2e 20a; s2  2e 20(` a)
2.6. ???????? 33
??????????????????????0  0v0! ????e = 0 + 0y; (0 
exp( 0`))???????? 0 ! 0??????????????????????
??????! > 0?? !  !0?! < 0?? !   !0???????????????
???







































































































































































0+rs1s2 (1 0 e+) y0
2
???????????? j (!)j2 ????????????Ree (!) = Ree (!) =
0; Ime (!) = Ime (!)??????????vK (!)??
vK (!) = ve˜`
e  f  (`) + f+ (`)e f++(0) + +f +(0)
 ve ˜`
e +f +(`) + f++(`)e f+ (0) +  f  (0)
 v  h+e˜`   h e ˜` (2.35)
34 ? 2? Takayama Lin-Liu Maki??????????
??????e = 0+ 0y; (0  exp( 0`))???????0 ! 0???????????
h+e
˜`   h e ˜`  00+(1 0 e ) y0

























1y + 0 0 s1+s20 10+˜ (!0)10 ˜ (!0) 2




























































































????????????(2.27)??? j!j < j0j???????TL = TR = T =  1?
???????????































?B??????????????????????:? j!j > 0
????????????(2.35)??????K ?? `?????????????
????????????????????????a = O(`); (`  a) = O(`)?????
(0)?(l)????? 0?0??????????????	(x)? incoming eld?
????????








( + e+) f (x)eix˜   ( + e+) f (x)e ix˜i





























 + e+ f+(x)eix    + e+ f+(x)e ixi
K   2ei` + 2e i`
???????f(x) = t   i 0?v =
p




































Ree (!) + je (!)j2 
???????????????????? 1  TL = TR??Ree (!) = Ree (!) =




































BO?ISC = ILSC + IRSC ????????????? (2.27)??


































































































































??? = 0 + 0y; (0  exp( 0`))???????? 0 ! 0????????????














jj [fR()  fL()] ; (2.38)
38 ? 2? Takayama Lin-Liu Maki??????????



























1 +  eS(0; V; TL; TR)oe(t) ;
??????
N  1 +  eS(0; V; TL; TR) ; (2.39)
N ?????0 = 0????????????0 6= 0???????????????
































































> 0 ; (2.41)
?????????Appendix D???????I(0)  V (0)????0 = 0????
????????????????????????????????????????









x 2.6.1{x 2.6.3?????????Ree (!) = Ree (!) = 0; Ime (!) = Ime (!)???
????T  TL = TR??????????? (2.27)??
1




























































































????????expf (2!c   ejV j)=(2T )g??????????????
J = G0V ;
????????????????????????????????????????
? `??????????????????????????????????????








cosh(y=T ) + cosh(x=T )
= sgn(y)(jyj   jxj)
????????S(0; V; T )???????????????

























???????0 = 0??????????????? N ??????????
N = 1 + S(0; V; 0) =  ln
jV j
V10
???V10 = 2!ce exp(  1) ????????????? jV j > V10????N > 0???
jV j < V10?????N < 0????????????????????
J = G0V
2.9. ??? Peierls?? 41
??????????????????j0j  jeV j=2?? (2.45) ?





=   cosh 1 !cj0j















????????????????????Appendix D????????????I > V
???????????????????????????????????:J = 0??
?????????????; j0j = c?????????????????????
? 2c??????????V = 0????????????????????????
jeV j=2  j0j??????????????????????????????????
????????
???j0j < jeV j=2???? (2.42)???????????j0j < jeV j=2??S(0; V; 0)
??













????(2.42)? V10  jV j  V20???????????
j0j = c
s





V10(V20   jV j)
V20(V20   V10)
o
 1(; V ) (< c) (2.46)







































 J2(; V )
??????????????? 2.1?? 2.2???????(2.42)?(2.43)??j0j; jV j
?????????????(2.44)? V ??????????????????????
V > 0; J > 0; 0 > 0????
















































??????????????????????(J; j0j) = (0;c) ??V10  jV j  V20?
?????????????????
??????????????
 jV j < V10??
??? j0j = c ??????????????? V10 ?  ????????
eV10 = 2!c exp(
1

)  !c= cosh 1 = c??????????? 2c????????
 V10 < jV j < V20??
????0 = 0????? j0j = c???????????1????????
????????? 2????????????? j0j = 1(; V ) < c ?? 2.1
??????????
 jV j > V20??
????0 = 0????????????? eV20  2c????????????
2.9. ??? Peierls?? 43
??????????????????????????????????????
???
?????????????????????????????????????? J = 0
???????????? 1????????????????????????
 jJ j = 0??
j0j = c????V ? 0  jV j < V20?????????
 0 < jJ j  Jc0  G0V10??
j0j = 1(; V )???????V ??J2(; V ) = J ??????????????
????????j0j? jJ j = Jc0? 0??? jJ j??????????????jV j
??jJ j????????????????????c.f. ? 2.2???
 jJ j > Jc0??
0 = 0????????????????????V = J=G0????
???????????????????0 < jV j  V20??????????????





JC0   jJ j
G0V20





???????????????????????jV j  2c=e????????????
????????????????????????? 2j0j?????????????























? 2.3: ??????????? A????? 1????????????????? B
?????????????????? 1???????????????????? C
????????????????????2??????????????1?????






(? 2.3)????? P(V ; T )???? A?B?C? 3??????
?? A????????????????????????????????? jV j =
V1(T )?????????? jV j < V1(T )???????jV j > V1(T )?????????



















) + cosh 
(2.47)





















) cosh + 1
(cosh( eV
2T
) + cosh )2
;
?????????expf (2!c   ejV j)=(2T )g ???????????????????











) cosh + 1
(cosh( eV
2T















1 + cosh 
=   log 2e























??????????? A?????????? V10?? Tc0???????????? 
??????? ?? 2.3??????????? V1(T )??? 1????????????
(2.49)??????????????????????????????????? 1?





log (cosh   2)





















????(n)?Riemann? zeta?????????????? Tc(V )??? V ? 2??
??????????????? T  ejV j????Sommerfeld???????????














e( eV )=(2T ) + 1
+
1
e(+eV )=(2T ) + 1
i

















???????????? 1??? V1(T )??


























46 ? 2? Takayama Lin-Liu Maki??????????
??????????Sommerfeld????????? 0???????????????
????????????????????????????????????????






















3=2    2 log V + 1 + 2+ 22 e 1=+ 2e 1=
????????????? 2???? 1/10???????? < 0:35???????
????????(2.51)????????? ???????????????
?? B??? C???? jV j = V2(T )(? 2.3????)?????????? (2.42)?
????????????????????????????????????????




= 0????? T P ?
T ????????????????? V ??????? T ????????????
????? 0?????????T P ? T ??????? 2.1{2.3????????
? 2.1: ????????????????????? V ????T  < T P ????
?? T ???????????? 0????????????????
V < V10 1? ! 0?
V10 < V < V
 2? ! 1? ! 0?
V  < V < V P 2? ! 0? ! 1? ! 0?
V P < V 2? ! 0?
? 2.2: ????????????????????? V ????T  > T P ????
?? T ???????????? 0????????????????
V < V10 1? ! 0?
V10 < V < V
 2? ! 1? ! 0?
V  < V < V P 2? ! 1? ! 2? ! 0?
V P < V 2? ! 0?
2.9. ??? Peierls?? 47
? 2.3: ????????????????????? V ????T  = T P ????
?? T ???????????? 0????????????????
V < V10 1? ! 0?
V10 < V < V
 = V P 2? ! 1? ! 0?
V  = V P < V 2? ! 0?
???3?? T ????? (2.53)??????K2 ? 0??????????????
?????????????T  < T P ???6 ???????????????????









































































(2.52)???(V; T ) = (V1(TA); TA)????????????????????????




0 < TA < T
???T  < TA???K2???????????K4???@N@T ?0 < TA < TP
???TP < TA???@N@T ?????????????????????? 3?????
???????????? j0j??????????????????????? 2.4?
? 2.5??????? 1= = 2:4???????????????????????????
 TP < TA < T 





6 ???????????????? 2.1{? 2.3??? V  < V < V P ???????????????
??????V  < V < V P ?????????????????????????????????
7 ? 2.3?? 1????????????????????????????????????????
?????????????????
48 ? 2? Takayama Lin-Liu Maki??????????
????????????????????????????????? 1??? 2
??????????????? 2.4???? 2.7???? j0j?????????
?????????
 T  < TA
(2.52)????????0 = 0? 0??????????????????????
???????????????????? 1??? 0??????????????
? 2.5?????????????? 2.7?? j0j???????????????
??????




??3?? 3??P?????? T ?? 2.3????????V1(T ) < jV j < V2(T )???
?? j0j??? jV j? 3???????? 2.4????????????????????
??1???????????????????????????T < T ??????{








???? T ? dV1(T )
dT





??????????? [73, 74]???????? x 3.2?????

























































(a) T = 0:03 exp(1=2)jeV10j (= 0:583Tc0)?(b) T = 0:04 exp(1=2)jeV10j (= 0:778Tc0)??
??????????????












































































? 2.8: ?????????????V = 1:235V10???V = 1:433V10??????????
????????????????????????????????










































?????? ??? Jc(T )??????

























????????????????????????????? T ? T ????????
???????????????????????????????? 2.12??????
????????????????????????????????????????
??????????????????????? J = Jc0 ?????????????
????????????????????????????????????????




























(a) T = 0:01 exp(1=2)jeV10j (= 0:194Tc0)?(b) T = 0:02 exp(1=2)jeV10j (= 0:389Tc0)?
???????????????




















































































e( V ) + 1

 (2.55)
? 2.13?EV ?KE = 2; n = 1; C = 1;  = 10??? V = 0:1; 0:2; 0:5; 1 ??????
???????V = 0:1; 0:2????????????????V = 0:5???????



































? 2.13: EV () ?  ????????????????????????(2.55) ??
KE = 2; n = 1; C = 1;  = 10??? V = 0:1; 0:2; 0:5; 1??????????
V = 0:1; 0:2; 0:5; 1:0????
2.9.6 ????????





















-5 -4 -3 -2 -1 0 1 2 3 4 5
∆  
( x )
 /  ∆
c
x / L
? 2.14: ???????????????????????????0=c =
1:0; 0:8; 0:5; 0:2????
2.9.7 ????????
























s2   w2 tan
 1



















???????(x)? Step????(x) = 0 (x < 0); (0) = 1=2; (x) = 1 (x < 0)
????????!B 6=
p
20   (v0)2 ????????????????v0 6= 0?
??????????? 0????????v0!B = 0?????????????
????????
2.9. ??? Peierls?? 57
























 = c=p2 = !c=(p2 cosh 1)??





































v f(v)2 + (v0)2g
sinh !












(2.42)??? (2.43)?????????????? 2.15?? 2.16 ?????????






















? 2.15: ??j0j???????T = 0:05Tc?????? ??????????????
????????????????????????????????????????
???????????????????????????? !B ??????????



























-4 -2 0 2 4
∆  
( x )
 /  ∆
c
x / L
? 2.16: ?????????A?????? (??)?????????? 2x0?????
???????????T = 0:05 Tc????????? T = 0:2 Tc????????
??2x0?L = ~v=c??????????????????????????????
???T = 0:05 Tc??????? jJ j = 10 3Jc?10 5Jc?10 10Jc?10 15Jc????






?T > T ??????????????? (2.43)????!B?????????????
????????????????????????????????????????
?????????????????????????????????????????
??????????T < T ???(2.43)? !B??????????????????
2.9. ??? Peierls?? 59
? J1(T ); J2(T )?????J1(T ) < jJ j < J2(T )???????????????????
?????????????????????????????????????????
??????????????? 1? 1?????????(2.43)? !B????????
??????????? V1(T ); V2(T )??????????? V1(T ) < jV j < V2(T ) ??
?????????????????V (T )  V2(T )  V1(T )?J(T )  J2(T )  J1(T ) ?
?????????V (T )? V (0) = 0?? T > 0?????????J(T )? J(0) = 0
?? T  0???????????? V (T )?????????????J(T )????
????????????????????????????????????????
????????????????? V (T )??????J(T )???????????
???????????????????????????
??????????????????
?????T < T ??????????
(x) = 0   v0 (t+(x)  t (x))
t(x)  tanh0(x  a x0) ; tanh 20x0 = v0
0
;
??????????????????? 2x0?????A  2(v0)2=(j0j+ !B)???
jJ j????? 2.16????????????????????????????????
?????????????????????????????? jJ j = J1(T )?????
jV j = V1(T )??????jJ j = J2(T )????? jV j = V2(T )?? 0???????????
????? jJ j = J1(T )???????? j0j????jJ j = J2(T )????? jV j = V2(T )?
? 0??????????????? jJ j = J1(T )?????????????????
????????????????????????????????????????




????????????? !B ???????? 2.15?????????????

















????????? C? 3??????? 2.3??????? A??? C?????? 2
?????????????????????????? B?????????????
? 1????????????? A?C???????? 1?????????? B??














































































????? 2?????? eV=2??????????????????? Scalapino?

















Terasaki ?????????????? -(BEDT-TTF)2CsM(SCN)4 (M =Zn, Co,
Co0:7Zn0:3)? b?????????????????????????????????
????????????????????????????????????????























????????????? T < 0:4Tc0???????????????????x 2.9.5
????????????????????????????????????????
???????????????????J  0??????? 2???????????
????????????????????????????????? 2??????
????????????????????????????????????????
???????Figs. 2.10??? 2.11?) ?
???????????????????????????????????????
?? V10(T )??????????????????????? V20(T )?????????
64 ? 3? ???????
? 2.3?????????????????????????????V20(T )  V10(T )?






























????????????????????????????? e ; e ???? 0??
????????????????????????????????? e  = e ???
????? e  =  e ??????????????????????????????











































H(I;) = H0(I) + H1(I;); I 2 Rn;  2 Sn (4.1)
????H1? ???? 2?????????????? = 0??????????
_I = 0




??? (J ;)???????????????? (4.1)???????????????
????? S(;J):
I = rθS(;J);  = rJS(;J) ;
70 ? 4? ????????
????? S =   J + S1 + 2S2 ?????????????????? (J ;)??
Hamiltonian ?K(J) = K0(J) + K(J) +O(2)?????????Hamilton-Jacobi??
???
H0(rS) + H1(rS;) = K0(J) + K1(J) +O(2) ;
??????? ???????????
K0(J) = H0(J)





rS1  !0(J) = H1(J ;)  H1(J) ;
???????? S1???????????????? 0??????????????
Fourier?????????

















???????????????????????n( 2)??????m  !0(J) = 0?


















































?????????????????????? [86, 87, 88, 89]?
3 ???????????????????????????
4 ?????Poincare-Bendixson??? [91, 92]?????????????????????????
????????????????????












??????????????????????????? f(x; t)??? t??????
????? Poincare ???????????????
_x = f(x; t); x 2 Rn; t 2 R
f(x; t)? t?????? T = 2=!???????????
_x = f(x; )
_ = !; (x; ) 2 Rn  S1 ; (4.4)
???????????????????????0 = f(x; ) 2 RnS1j = 0 2 (0; 2]g
????????????Poincare???????????????????? ???
????????????? 0.5??????????????????????? 1?














_x = f(x); x 2 Rn ;
?????n  1???? ??????? n(x)? ????? x ? n(x)  f(x) 6= 0????????
?????? f(x)???????????
7 ?? t = 1???? xf ??????????????????????? t =  1???? xf ?
?????????????????????Wu ?Ws ????????? homoclinic (heteroclinic)?
4.2. ???????Harper?? 73
??????????????? stochastic layer ??????homoclinic?heteroclinic?








?? A?R2??R2????C2??C2?????????xf 2 R2????xf 2 C2?
???? Axf = xf ???? xf ? A?????????????? yn = A0(xf )yn 1?
?????????????????xf ??????????????????????
?????? xf ??????????Ws  fx : limn!1Anx = xfg???????




















???????????????S(q; xf )?U(q; xf )???????????????? xf ?? homoclinic
(heteroclinic)? q?????????S(q; xf )?U(q; xf )??q; xf ??????????q???????









































f(t)dt = 0 ???????????t 2 R?????
jf(t)j  2maxjIm jbjf()je  2ba
10 V (x) ?????????????????????????????????????????
V (x) = 
x  x3
1 + x2=2



















Lazutkin??? [109, 110]?????ABAO?? Lazutkin?????????????
??????[113]???cylinder (R=2Z)R????????????? RR ??
???????? Fs????????????ABAO??????????
Fs(x; y) = (x1; y1)
x1 = x+ y1









????y 2 R????f(x) = Pnk=1 ak sin(kx + bk)????x 2 (R=2Z)? f(x) =Pn
k=0 akx





??????????????? Standard map[109, 112]?polynomial map[113, 116]??











Hakim???? Standard map??? [121]????????????? standad map?






?????????????????? [127, 128, 129, 100]?[128]? [130]? [129]? [131]
?????????? stohcastic web??? [132]????? [133]??non-Hamiltonian?
??? [134, 135] ?????????
??????Borel??????????????Harper?????????????
????????????????????????????????????????
76 ? 4? ????????
????????????????????????????????????????
?????????????[136, 137, 138]????????????????2????
?????stochastic layer????????????????? stochastic layer????
??????????12 ??????????? stochastic layer???????????
??????????????Harper???????????13 ?
v(t+ )  v(t) =   sin u(t)
u(t+ )  u(t) = k sin v(t+ ) (4.5)
??? ??????????????????????????????? ! 0??
?????????????????????Harper????????
v0(t) =   sin u(t)
u0(t) = k sin v(t) (4.6)
????????????????Harper???? k < 1; k = 1; k > 1???????










 2?????? 3???????????????????? [145, 146]?
 ???????????????????????? [147]?
12 ???????????? stochastic layer???????????????????????????
??????????????????????????????Arnold??? [139]?















????? k????????????? 3???????????????? 5.1??
?????(; 0)????????????k < 1???? ( ; 0)?? (; 0)????
????????????????????????k > 1?????????????
??????????????????????? (Appendix F)?Melnikov?????
??????? ???????????????? v0; u0???????????? 0?
? 5.1: Harper??????????  ! 0???????????????














(v00(t); u00(t))! (; 0); as t!  1 ;
??????????









































(n = 0;1;2;   ) (5.2)
????????????????????????????????????????
????????????? 2??????????????? 0??? t1????? t2
????? 5.2??
????????? t = t1????????????????w  t   t1??????
jwj??????












v01 = 0 ;












w +    ; (5.3)






























? 5.2: v0; u0????????????????????????????????
????????????????????????????????????????



































































??U0n????z???????????U 0n????V  0n?Borel?? eVn(p)  B V  0n(z)
? t =  1????????????????????????? L??
V  0n(z; ) 
Z  1
0
dp e pz eVn(p)  L  V  0n(z) ; (5.6)
1 ?????????????????????????????????(V;0k ; U0k)????????
?????
80 ? 5? ????Harper???????????????????????
? 5.3: p???????????????
????????????? eVn????????????????????????t = t1
?????(eV0; eU0) ??????????????























????eV0(p)(n)? eV0(p)? n???????????????? eV0; eV1? p = 2i?
????????????????z ???? Borel??? p????????????eV0(p); eU0(p)? p????????????????p???????????????




??????????????????????? [126]????V  0n(z)? Rez < 0??






dp e pz eV0(p)???????????? p = 2in????????? (4.5) ???
?????????????Vn(n  1)????:























?????? p-???????????? p-??????????????Vn; Un?V0; U0
? ??????????
???????????????????????????????? (U; V )???
(5.8)?????Ret > 0???????????????
v  v0(t; ) + v1(t; )e  2i t + v2(t; )e  4i t +   






v1(t) =  u1(t) cosu0(t)




















??? (vn(t; ); un(t; ))?????????????????????????????
??????????





























uu(t) = u00(t) + 
y1(t)
2
















































82 ? 5? ????Harper???????????????????????
????S(t)?????????(v00; u00)? (5.1)??????????????????

























































































































(1) = i43A1 + 
3






(2) =  i43A1 + 3



















?????????????? N 1????????????D  fRe(t  t1) < ; 0 


















































































????(4.6)?? v00; u00????????? 3???????????????k < 1
??????????????????????????k > 1???????????







1 k > 0 ?????????????? v00(T ) = 0??
jv00(t)j; ju00(t)j < 1(t ! 1) ????????k < 1? ( ; 0)? (; 0)???????
??????






























i; (n = 0;1;2;   ) ????????
???k = 1? v00; u00??
v00(t) = 2 tan
 1
"r



















84 ? 5? ????Harper???????????????????????
??????limk!1 0 T =1??????k < 1???? k = 1???????????
????????????k ! 1   0???? k = 1????????????????
?????????????????v00(T ) = 0??????????????????
1????????v00(0) = 0? v(t)???????????????????????
















?????? 1???(v00; u00)????????????????x 5.6????????
v0k(T ) = 0?????k ! 1  0?Ret >0 ?????? Stokes Multiplier????????

























1  k > 0
(n = 0;1;2;   ) ; (5.21)






















???????????????x1; y1; x2; y2? x 5.1? (5.13)?(5.14)?????????








????????? 2?????jv0kj; jv0kj ! 0 (t ! 1) ?????????????
????
























































1  k > 0






















?? 1??? (5.23)? Laurent????????????
v01 = 0



































(t  t1)n 1 +    ; (5.27)
?????????t = t1??????? v00; u00??????????????

























????????? t = t1???????????????????????????
??????? t??????????????????????????????N 1









???????????????????????? z  t t1

????????????
z? ?????? v0(t; )  v00(t); u0(t; )  u00(t)????????????
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????????????V0l; U0l ????????? (5.32)???????????

























???V0l; U0l????????????V (z; ); U(z; )?
V (z; )  v(tc + z; )  v00(tc + z) ;
U(z; )  u(tc + z; )  u00(tc + z) ; (5.31)
???????????
V (z; ) =   [sinU(z; ) cosu00(tc + z) + cosU(z; ) sin u00(tc + z)]
 v00(tc + z)
U(z   1; ) = k [sinV (z; ) cos v00(tc + z) + cosV (z; ) sin v00(tc + z)]
 u00(tc + (z   1))
(5.32)
?????????????????f(z) = f(z + 1)  f(z)???????(5.32)?
????????????????????????V0; U0??????(5.29)? (5.32)
?????
v00 = i log(kz
2







(z)2 +    ;























































V0l; U0l???????????????????????z =  1??????????
??????????????????????????????????????
???????????????????????? 1=z???????1=z????












































































????????????????? t =  1?????????????Borel??
?????V00(z); U00(z)?Borel?? eV0; eU0? Laplace??L????????????
3 Melnikov??????????????????????????????[149]???Melnikov??
????????????????????Melnikov??????????????? [104]? x 5???
????
88 ? 5? ????Harper???????????????????????
???
V00(z)  L[eV0(p)](z)  Z  1
0
dp e pz eV0(p)
U00(z)  L[eU0(p)](z)  Z  1
0
dp e pz eU0(p) (5.38)
?????eV0; eU0?????????????























????eV (n)0 ? V0? n??????????????
eV (n)0 (p) = Z p
0
dxeV0(p  x)eV ((n 1))0 (x) (5.40)
Rez < 0?? 1=zn?Borel??B[1=zn](p)??
pn 1






?????????V00; U00?Borel?? eV0; eU0??p????????????????
Laplace??????????????????Rez > 0??????????????
?????? t!1??????????????V00(z); U00(z)?Rez < 0, Imz < 0 ?







???Rez < 0, Imz < 0??  +  < argz < 2 + ?????????????????Z  1
0
dp e pz eV0(p)! Z  1ei(=2+)
0
dp e pz eV0(p)  Z






























dp e pz eV0(p);  Z

dp e pz eU0(p)??????? (5.32)???????
(z) =   (	(z) cosU0(z) cosu00(tc + z) 	(z) sinU0(z) sin u00(tc + z)) ;






dp e pz eV0(p);  Z








??DC?DC  fz 2 C : Imz   C (C > 1);  +   argz   g??????Harper
???????????? (Vu(z); Uu(z))? z !  1???????????????
































?DC?????????????C; ???????????????C; ; n????









; ( = A;B)??(5.32)????????
4 f(z)??????????? ef(p)??????????????f(z)???? Gebrey-1 bound???
??????








































; fbVn; 1 = 0 (n  0); bVn;1 = 0 (n  1)g (5.46)
?? 1????n????Stokes Multiplier???????? [150]?




dp e pz eV0(p);  e2iz Z

dp e pz eU0(p)
??(5.43)?  = 0??????? 2????? (V A10(z); UA10(z))?(V B10 (z); UB10(z))???
????????????DC??jzj =1??????????????C[z][[z 1]]??
????????????????














+    ; (5.47)
V B10 (z) = z  
1
540z3



































(p  2i)2 +    ; (5.51)




















+ A0 ln(p  2i) + A0  ln(p+ 2i)

+   
= ReB0 f
(R)




































[ln(p  2i) + ln(p+ 2i)] ;
f
(I)
 1 (p) =  
1
2
[ln(p  2i)  ln(p+ 2i)] ;
??????????(5.54)???p = 2i???????????????p = 2i?




























































































+M 0 ; (5.56)























ia2n+1( 1)n(2)2n+1 !  (2n+ 2)A1 + A2
2n+ 1
(n!1)
92 ? 5? ????Harper???????????????????????
ia2n = 0 (8n) (5.57)
ib2n+1( 1)n(2)2n+1 !  (2n+ 2)A1 + A2
2n+ 1
(n!1)
ib2n( 1)n(2)2n ! A3 (n!1) (5.58)








=  A0 = iA2 ; B0 = 42iA3 ; (5.59)
???????????(5.59)? 1??? 3????????A3=A1 = B0 =B0 = ???
?????????????????A3=A1 = 3:1416???????A1; A3??????
??????????????????1???2??????? (6A2)=(2A1) = 1???
?????(6A2)=(2A1) = 0:909?????????? 1???????????A1; A3
? n??????????????????A2? 1=n????????????????
A2????A1?????????????????5 ????? eV0; eU0???????
?????????n??? 3????? (???? n; n0; 1=n ????)??????
?????????eV0; eU0?????? f (I)1j (p) (j   2; ) ? f (I)lj (p) (l  2; )??????
















pn; (j   1)






11 ]n  [f ()10 ]n  [f ()1; 1]n  [f ()20 ]n    (5.60)
???? eV0; eU0??????????? f (I)1j (p) (j   2) ?? f (I)lj (p) (l  2) ?????
?????????????????????????????(5.60)?????? z?
???????f ()lj ??????? jzj??????????????????????
?????????Im(t  tc) < 0????
n




??? a=zn????????????????????? p ?????? (5.60)???
5 (5.57) ?????????1=(2n + 1) ??? A2 ??n ???????  (2n + 2)A1 ???????
??????????????????????????(5.57)??  (2n + 2)A1 ?????A2=(2n + 1)
??????????? o(1=n)???????????????????????a2n+1( 1)n(2)2n+1?










































?????????? V  0n(z)?U 0n(z)?????? z =  1?????????Borel?

















+    ; (5.62)
??????????????? Imz  0??e 2iz???????????????
??e ipcz (pc > 2)???????????????? 1???????eV0(p)?eU0(p)?
























































B1 z   k 16 B0 (z2 + z)

; (5.65)
????????z m (m  0)????????????7 ?
6 ???? (5.62)????  = 0?????????
7 ??????????eV1 ?eU1??????????? n2????????? 1=n?????????
????????????????????????????????????????????????
???????


















V B10 (z)  z





















??eV1(p)?eU1(p)? p = 2i ??2????????????????? eV1(p)eU1(p)



















































????????B1??B4??V A10?UA10?V B10 z?UB10 z 1=2?Borel??? p = 2iz
??????????????????????Appendix G??

















= 0:99987 ' 1 ; 2A1
3B3
= 0:99974 ' 1 ;
?????????????????????????????eV1(p)?eU1(p)??

























U01????????????????????A0?B0?B1 ???8 ??????V (z; )?














+    (5.72)
????????????? 1????
















5.5.1 t = t1?????????????????
?????t = t1???????????????????????????????
z = +1???????????????V = V0+ e 2izV1+   ?U = U0+ e 2izU1+   
???????????v; u?????????????
v(t; )  v0(t; ) + v1(t; )e  2i t + v2(t; )e  4i t +   
u(t; )  u0(t; ) + u1(t; )e  2i t + u2(t; )e  4i t +    (5.73)







?? e  2it ??????????????????e  2it ??????????????
???????????
v1(t) =  u1(t) cosu0(t)
u1(t) = kv1(t+ ) cos v0(t+ ) (5.74)












V10(z) + V11(z) +   




96 ? 5? ????Harper???????????????????????
??????? z??????????
v1(t1 + z; )




V10(z) + V11(z) +   


















?????????(5.77)? (5.74)?????????????v10; u10; v11; u11???
???
v010(t) =  u10(t) cosu00(t) ;















































V10(z) + V11(z) +   









???????????? 0 ? 0 ???????????????????`dom'??
z !1?????????????????????????(5.81)???? z????
????j =  1?????????????v1n(n  1)???? 0z????????
??j =  (n + 1)???????????????????? z = 0????????
????????????v1;n 1????? ???????????????v10???
0z?????????????????j =  1?????????v10?? ????
???????? a?b??




??????????2 ??????????? (v10; u10), (v11; u11)?????????



































???????(1)  B0 + B1 ????
5.5.2 t = t1?????
??????t = t1???????????????????????Re t > Ret1??
????????????t = t1?????????????????????????
??(v0(t); u0(t))???????????????? t = t1?????????????































?????????????? t = 0???????????????????????
???????????? S(t) ????? [124]?
5.5.3 ??????????
??????t = t1?t = t1????????????????????????????


























  (V B10 (z)  z)

































98 ? 5? ????Harper???????????????????????
??????????????(2)??(2)   i43A1 + 3
 (k   1)B2 + kt2 112 B4	?
???????t = t1?t2?t1?t2?????????????????????????




























uu(t) = u00(t) + 
y1(t)
2

















































????S+(t) = S(t  2T )????????????? (vs(t); us(t))?????????
????? ( vu( t); uu( t))????????






























us(t) = u00(t) + 
y1(t)
2



















































x 4.1????????????????????? Stokes Multiplier(1); (2)????
????????????????????????????????????????
????v0(T ) = O(2) ?????????????????? v0k(0) = 0??????
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????????????
























1 + (1  k) sinh2pkt (5.92)

























ex1(t) =  2pk(1  k) coshpkt
1 + (1  k) sinh2pkt
ey1(t) =  2kp1  k sinhpkt





























v01 = 0 ;















(t  tc) +    ; (5.97)







(t  tc) +    ; (5.98)
???????tc = T + 1pk 12i????????? t =  T + 1pk 12i  et1??????




i  et2 ??? Laurant??????????????t = et1 ???
? Stokes Multiplier??t1? et1??????????????
(1) = 4iA1 + 







?????k ! 1  0??????????????? t0???? v0(t0) = 0?????
????? Stokes Multiplier???????????? v0(t0) = 0??????????
?????????????v02(T ) = 0?????










1  k tanh2pk(t  T )
!#
;






















?????????????????????? v02(T ) =  2
p
k(1  k); u02(T ) = 0??
????????????
????????????v0k(T ) = 0????????????? (1)?(2)????
???????????????????????(1)????(2)?????????
????????? t < 2T ???????
Standard map?Henon?????????1?????????????????v0k(t0) =




???????????? (5.87)???????????????????t = 0; 2T ?
????????????????????????????????????????
? (5.87)???????? ??????????????? t???????????
??t??????????????????????????????????homoclinic
(heteroclinic) tangle?????( ; 0)?????????? 5.4????????? (5.87)
???????????????????????????????????? (5.87)??
????????????????????????????????????????
????????????????????????????????? z = +1???
????????????????????????????x 5.4.2??? 1?????
????????????????????????????????????????









? 5.5???(; 0)???????? ( ; 0)?????????? (5.87)??????




?? ( = 0:35; k = 0:85)?





















-1 -0.5 0 0.5 1
u
v-pi
? 5.5: Borel?????????????? ( ; 0)??????????????????
????(v; u) = ( +0:75 5; 0:6 10 5)??? 500??? (?)???????????
? ( = 0:3; k = 0:85)?
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u
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? 5.6: Borel?????????????? ( ; 0)??????????????????
????(v; u) = ( +0:75 5; 0:6 10 5)??? 500??? (?)???????????
? ( = 0:3; k = 0:85)?Stokes multiplier?????????????



































-4 -3 -2 -1 0 1 2 3 4
u
v
? 5.7: Borel?????????????? ( ; 0)?????????????????











-4 -3 -2 -1 0 1 2 3 4
u
v
? 5.8: Borel?????????????? ( ; 0)?????????????????
? = 0:3; k = 1:0  5:0 10 11?
5.7.2 ?????????
x 5.1???????? ! 0??????????????????????????
????????????????????? 5.1??????k????????????
?????????0 < k < 1? (; 0)? ( ; 0)???????????????k ! 1 0
??????? u??????????? t?????k = 1?????(; 0)?????
???????????(0:)???????????? homoclinic (heteroclinic)???
????????????????????????????????????????
???????????????????????????????????k  1;  6= 0
???(; 0)??????????????????? ( ; 0)????????? (0; )
????????????????????????? (5.87)?????k? 1?????
????????????????????????????????? ( ; 0)????
??????k? 1??????????????? u??v = 0???????????
?? t = T (k)???????? lim
k!1 0
T (k) =1?????? u????????????






















??k  1????(0; )??????????????????????????????
?????? (0; )??????????????(0; )???? t = t1?t1???????
104 ? 5? ????Harper???????????????????????
???????????????????????????????( ; 0)??????
??t = t2; t2?????????????????????????? lim
k!1 0
Re t2 =1??
? 5.9? k = 1:0   5:0  10 11?k = 1:0   1:4  10 12 ??? (0; )????????
?????????????????????(; 0)???????? (0; )?????
??k? 1?????????????k = 1???????????????????
??(5.87)??k  1; t > 2T ??????????? 5.9? t < T ??????????



























? 5.9: Borel?????????????? ( ; 0)?????????????????
















? (0; )???????k = 1???????????????????????????




multiplier?SM???t =  1?????????????? k ! 1?????????























C2??????????????????????????? = 1;  2 Z??????
106 ? 6? ??????
????????????????????????? [152]???? f(x)????
y(t+ )  y(t) = p(t)
p(t+ )  p(t) = f(y(t+ )) ; (6.1)
??????????????????????????tc?????????????
????n 2 f0g [N; m 2 Z??????j  n???? y0j??t = tc?m+ j   n??
??????????????y0j (j < n)?????????????????????












































r+1pu(z + tc)  rys()

; ys(t)  y0j(t)j ;







0(z + 1; )
r
+ ys(z +  + tc)





??B z = 1?????








+ ys(z +  + tc)





C?? f(x)  0???????????????
???????????????
00(z) = 	00(z) (6.5)
	00(z) = S (00(z + 1); z) (6.6)
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N +   + y^s(z + 1)N
 (1 + O()) (6.8)
????0???????????
r + 2  rN = 0
?????(N; r) = (2; 2); (3; 1)????































































??Borel??????ABAO (Asymptotics beyond all orders)??????????
??????????????????????????????? k???????






























2???? (HB)?????????? (V )????Hamiltonian????????





































????Cn?n??????????????? (cf. C 1  0; CL+1  0)?ak ; ( = L;R)
???????? k??????????yn ? n???????????????Su?
Schrieer?Heeger [49, 50]??tn+1;n ???????????????????:
tn+1;n  t0   (yn+1   yn) :
Takayama et al.[53]??????????  2t0 cos[(k  kF )a]  vfk?????right-
moving? left-moving???? L(2na)? R(2na)??????????yn = ( 1)n4(na)


























































???????????????C 1  0?CL+1  0??
 L(0) + i R(0) = 0; i L(l) +  R(l) = 0 ; (A.3)
???????`  a+Na???????N  +1 (mod 4)?????????????
????????????????????????????????????????




2a d(2na) = ( 1)npa[ L(2na) + i R(2na)]
C2n = ( 1)n
p
2ae(2na) = ( 1)npa[i L(2na) +  R(2na)] (A.4)












??????? V ?????????????? L   R =  eV ?????????














(fL() + fL( ) + fR() + fR( )) ; (B.1)

































??????? L =  R????????????????????
















































2(x) = !1(x) ; (C.1)
?????x1(0) = 0; y2(`) = 0??????? 2? (x1(x); y1(x))T?(x2(x); y2(x))T ???
????(2.19){(2.22)?????Green????????incoming eld? (2.23)?(2.24)?
(2.25)?(2.26)????????????????????? 3????????????
???????????????????? (x1(x); y1(x))T?(x2(x); y2(x))T ??????





















D  v @@x +(x)????(x) = 0 tanhs(x  a)????????




2s(x  a) + 20 tanhs(x  a)
D D+ =  v2 @
2
@x2
  v0s sech2s(x  a) + 20 tanhs(x  a)
????0 = vs???
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[(x) sin(x  l)  v cos(x  l)]





















[(x) sinh e(x  l)  ve cosh e(x  l)]
y2(x) = sinh e(x  l) ;
??????
C.3 ??????
D  v @@x +(x)??
(x) = 0   0v ftanh0(x  a+ x0)  tanh0(x  a  x0)g
 0   0v(t+   t )




; cosh 20x0 =
0
!B
; sinh 20x0 =
v0
!B





























































(v)2  !2  20 > 0??
2(x)??????? 





????2(x) = eixG?????G ??





G = 0 ;
????????? 





(t+) = 2i0 1
c2+
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x2(x2 + 1 + x
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) + cosh !cx
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cosh(V ) + coshx
????????????f(x)?




cosh(V ) + coshx
= 0
???? 0 <  < ???????????????  1=(V )???????????
???????????Sommerfeld?????????? ????????????
???????????????Z(; V )????????????
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F (n)(V )21 n(1  21 n) (1 + n)(n)
= F ()  F (V ) 
1X
n=1








? 1??F (x+ V )????????????????x < V????????????
???????????????????????K????????????????
?2??x 2.9.3???e ; e (1 V ); ( = !c=T )?????????????Z(; V ) F (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??????????????F (n)(V ) =  (n  1)!n??????






































































































log(x+ V ) sech2
x
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log V   x
2
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=   log V + 
2
6














=   log V + 
2
6
2 + E1  
  2 log V + 1 + 2+ 22 e 1=
















1  y2    log(1 + y)  log(1  y)  y
2  0; (0  y  1)
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2V   1  2V log 2V  < e K
??????????K  min(V ; 1  V )????????????I     log V + 26 2
 < 32     2 log V + 1 + 2+ 22 e 1=
+ e K
jS()  Ij < e 1= (E.2)











 0:009????????(E.2)????????? (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3=2    2 log V + 1 + 2+ 22 e 1=+ e K + e1=
??? = 2T
eV









?????A2  1=3; 0 < y < 1????
0 < g(y)    log(1 + y) + log(1  y) + y2 < Ay4p
1  y2 (E.3)






1  y2   g(y)
?????h(0) = 0???h0(y) > 0; (0 < y < 1)???????h0(x)??
h0(y) =
Ay3(4  3y2)











??????0 < Y = y2 < 1?
A(4  3Y )  2p1  Y > 0 , A2(4  3Y )2   4(1  Y ) > 0
, A2(9Y 2   24Y + 4BY + 16  4B) > 0; (B  A 2)
??????A????????????? (E.3)??????
????????????? Y ???? 2??? Y = 0; 1?????????????
16  4B > 0; ; i:e:; B < 4
????Y ? 2????????? (12  2B)=9 > 0????(12  2B)=9 > 1??????
?????B  3????????????????????1=3  A2????
A
y4p
1  y2    log(1  y)  log(1 + y)  y




? ?F k > 1????????
?????Harper???????????????????????? k < 1?????
k > 1??????????????????
  kt; e  kev()  v(
k




ev( + e)  ev() =  1
k
e sin eu()eu( + e)  eu() = e sin ev( + e) (F.2)
???v() = ev( ); u() = eu( ) ?????
v( + e)  v() = 1
k
e sin u( + e)
u( + e)  u() =  e sin v() (F.3)
??????????? v; u??????? k > 1???? Harper?????????










10(z))?(V B10 (z); UB10(z))??????????????
(eV A(p); eUA(p))?(eVB(p); eUB(p))?????(V A10(z); UA10(z))?(V B10 (z) z; UB10(z) (z+ 12))
?Borel??????????????????????
(e p   1)eVA(p) = eUA(p)  g(p) ;
(1  ep)eUA(p) = eVA(p)  f(p) ;
(e p   1)eVB(p) = eUB(p)  g(p) + 1
2
g(p) + g0(p) ;

















n; eUA(p)  1X
n=0
AUn p




n; eUB(p)  1X
n=0
BUn p







AV2n 1 = 0; (8n)
AV2n( 1)n(2)2n !  B4n ; (n!1)
AU2n 1( 1)n+1(2)2n 1 !  B5 ; (n!1)
AU2n( 1)n(2)2n !  B4n ; (n!1) (G.2)
BV2n 1 = 0; (8n)
BV2n( 1)n(2)2n ! B1(2n+ 2)(2n+ 1) B2n ; (n!1)
BU2n 1( 1)n+1(2)2n 1 !  B3n ; (n!1)
BU2n( 1)n(2)2n !  B1(2n+ 2)(2n+ 1) B2n : (n!1) ; (G.3)
132 ? ?G ???????Borel?????
??????????B1 = 0:01480; B2 = 0:14; B3 = 0:186; B4 = 3:503; B5 = 5:551 ?
































































???????V01(z)? U01(z)???????????????V01(z)?U01(z)   ik 14
?Borel??? eV1(p)?eU1(p)????????????????





g(p) + eU1(p)  g(p) ;
(1  ep)eU1(p) = ik   1
2
f 0(p) + eV1(p)  f(p) : (H.1)
????eV1(p)?eU1(p)???????????











(H.1)?(H.2)??? eV1(p); eU1(p) ???????????????????????
eV1(p) = kt1eVx(p) + (k   1)eVy(p) + eVz(p) ; eU1(p) = kt1 eUx(p) + (k   1)eUy(p) + eUz(p) ;
(H.3)
????eV(p)?eU(p) ( = x; y; z)? k???????(H.3)? (H.1)???????
(e p   1)eV(p) = eU(p)  g ;
(1  ep)eU(p) = eV(p)  f ;
( = x; z)






(1  ep)eUy(p) = eVy(p)  f + 1
2
f 0(p) : (H.4)
?????(H.4)? (G.1)???????
eV1(p) = ikt1 + 1
24
eVA(p) + k   1
2
eVB(p) ;


























































































????????(I.1)?Reez < 0, Imez > 0??Reez > 0, Imez > 0??????????
























































????????xadd(t; )? t = t1??? (I.2)??????????????? 2??
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